Chameleon theories of gravity predict that the gaseous component of isolated dwarf galaxies rotates with a faster velocity than the stellar component. In this paper, we exploit this effect to obtain new constraints on the model parameters using the measured rotation curves of six low surface brightness galaxies. For f (R) theories, we rule out values of f R0 > 10 −6 . For more general theories, we find that the constraints from Cepheid variable stars are currently more competitive than the bounds we obtain here but we are able to rule out self-screening parameters χ c > 10 −6 for fifth-force strengths (coupling of the scalar to matter) as low as 0.05 the Newtonian force. This region of parameter space has hitherto been inaccessible to astrophysical probes. We discuss the future prospects for improving these bounds.
INTRODUCTION
Infra-red modifications of general relativity (GR) have received recent attention as a possible candidate to explain the acceleration of the universe (see Clifton et al. (2012) and references therein for a review). Amongst the plethora of proposed theories, those that include screening mechanismswhich give rise to novel features on cosmological scales but hide any modifications of general relativity in our own solar system-are particularly well studied due to their ability to satisfy local tests of general relativity without the need for fine-tuning. These fall into two categories: the Vainshtein mechanism (Vainshtein 1972 )-which screens by suppressing scalar field gradients-and those that screen by suppressing the scalar charge to mass ratio, which include the chameleon effect (Khoury & Weltman 2004a,b) , the symmetron mechanism (Hinterbichler & Khoury 2010 ) and the environment-dependent Damour-Polyakov effect (Brax et al. 2010 ). This paper is concerned with the latter class.
Recently, several authors (Hui et al. 2009; Chang & Hui 2011; Jain 2011; Jain & Vanderplas 2011; Davis et al. 2012; Hui & Nicolis 2012; Vikram et al. 2013; Sakstein 2013 ) have shown that astrophysical tests have the potential to probe parameter ranges inaccessible to laboratory experiments or cosmological probes (For a review of these tests see Jain & Khoury 2010; Jain 2011; Joyce et al. 2014) . These tests include the structure and evolution of stars, kinematical and morphological studies of dwarf galaxies, and the offset between compact objects and stellar components in dwarf galaxies. In the first of a series of papers, Cabre et al. (2012) compiled a screening map of the nearby universe, which identified which galaxies are unscreened as a function of the model parameters. This was the first step towards making these (at the time) theoretical tests possible. In the second paper, compared the observed Cepheid and tip of the red giant branch distances to unscreened galaxies in the map and were able to place the strongest constraints to date. In the third paper Vikram et al. (2013) attempted to perform the tests using the morphology and kinematics of the galaxies in the map but were unable to place further constraints. This paper, the fourth in the series, is concerned with the final observational signature that has not yet been tested observationally.
As mentioned above, chameleon-like theories screen by suppressing the scalar charge of an object relative to its mass and Jain & Vanderplas (2011) have used this feature to suggest a novel signature. Stars, being compact objects, are screened and hence have zero scalar charge. This means their motion in modified theories of gravity is identical to that predicted by general relativity. Conversely, diffuse gas is unscreened and feels the full fifth-force present due to the modifications. This means that at fixed radius, the gaseous component of an unscreened galaxy should rotate with a higher velocity than the stellar component. Jain & Vanderplas (2011) estimate that this difference can be as high as 10-15 km/s depending on the galaxy's mass and the model parameters. Vikram et al. (2013) investigated the possibility of carrying out this test using currently available data but they were unable to test the difference between the stellar and gaseous rotation curves. The main reason for this is the following: Historically, the rotation curves of galaxies are measured using either Hα or the 21 cm line. Hα is produced by the recombination of hot ionized gas around massive stars, called the Stromgren sphere, whilst the 21cm line is produced by neutral hydrogen gas. Both of these lines probe the unscreened gaseous components of the galaxies. Hence, there is no screened component with which to compare the measured rotation velocities and no quantitative statements could be made. This leaves the effect described above an untested prediction.
With high quality data, it would be possible to derive the stellar rotation curves from stellar absorption lines. In this paper we do this using data obtained for six low surface brightness galaxies by Pizzella et al. (2008) and attempt to constrain the model parameters. One well-studied theory which utilises the chameleon effect is f (R) gravity (Brax et al. 2008) . The general class of chameleon-like theories is parametrised by two numbers but f (R) theories have one of these fixed, which makes them useful prototype theories to explore. These theories are parametrised by the dimensionless number fR0. More general chameleon (and similar) models have two parameters, χc and α.
This paper is organised as follows: In section 2 we give a brief introduction to chameleon theories of gravity and describe the observational effect we are looking for. In section 3 we describe the data we will use and briefly summarise the measurement of stellar and gaseous rotation curves. Section 4 describes the systematics involved in the measurement and possible ways to correct it and section 5 describes the analysis of the rotation curves. We discuss our results and draw our conclusions in sections 6 and 7 respectively.
CHAMELEON SCREENING AND F (R) GRAVITY
In this section, we will briefly describe the screening mechanism and elucidate the model parameters. Chameleon models include a new scalar degree of freedom that couples to matter, giving rise to an additional gravitational strength force. Laboratory searches for fifth-forces would generally constrain such theories to levels at which they become uninteresting but the chameleon mechanism acts to suppress the fifth-force locally, thereby evading them. This is achieved by arranging the field equations such that the scalar's mass in high-density environments is larger than the inverse micron scales probed by current experiments. These experiments, therefore, leave a large region of parameter space unconstrained. On larger-inter-galactic and cosmologicalscales, the mass can be far smaller and O(1) fifth-forces can give rise to new and novel effects. On small (astrophysical) scales, and when any relevant time-scale is small compared to the Hubble time, the entire class of chameleon models can be parametrised by two dimensionless parameters α and χc. Any over-dense spherical object of radius R embedded into a larger, under-dense medium will be characterised by a screening radius rs, which is not an independent parameter, but is determined by χc in a manner to be made precise below. In the region interior to the screening radius, there is no fifth-force, and the total force is the Newtonian one. Exterior to this region, the total force is given by
where M (r) is the mass enclosed by radius r. Note that when rs = R the object is fully screened and the force is simply the Newtonian one, whereas when rs = 0 the object is fully unscreened and the strength of gravity is enhanced by a factor of (1 + α). α then parametrises the strength of the chameleon force and is identically equal to 1/3 in f (R) models (Brax et al. 2008) . The self-screening parameter χc determines how efficient an object is at screening itself 1 as a rule of thumb, if χc is smaller than the surface Newtonian potential GM/Rc 2 the object is screened. If the converse is true, the object will be partially unscreened. Very roughly,
2 where λC is the Compton wavelength of the field in the cosmological background. In f (R) theories, one has χc = 3/2fR0 (Hu & Sawicki 2007) and therefore, have only one free parameter. Currently, the strongest constraint on fR0 was obtained by who find fR0 < ∼ 3× 10 −7 . Importantly, χc (or fR0 for f (R) theories) determines the screening radius through the implicit relation
If this has no solution, then rs = 0 and the object is unscreened. The derivation of this formula can be found in Hui et al. (2009); Davis et al. (2012) ; Sakstein (2013) but here we remark that the only approximation used to obtain it is that the mass of the field is negligible compared with the inverse length scale in question. This is completely consistent with the approximation used to obtain equation 1 and is known to hold well inside stars and galaxies 2 . Going beyond this approximation introduces a high degree of model-dependency and yields only small corrections to the final results. In what follows we will use equation 2 to determine the screening radius of each galaxy in our sample assuming realistic density profiles to be specified below.
DATA AND REDUCTION
In this work we will use the rotation curves of six low surface brightness galaxies measured by Pizzella et al. (2008) . They derived the rotation curves using both absorption and emission lines, which probe the rotation velocities of stars and gaseous components respectively. Rotation curves are generated using data collected from the ESO Very Large Telescope (VLT)-FORS2 instrument. The spectroscopic wavelength range of the spectra is between 4750 and 5800Å. This range includes useful stellar absorption lines, such as the Mgb triplet, and emission lines, such as Hβ and [OIII] . The rotation curve for the gaseous component was obtained by fitting Gaussians to these emission lines simultaneously. In addition to the spectroscopic data, they acquired deep, high resolution photometric data for these galaxies. This was done using Gunn-z filter, which probes the older stellar populations in the galaxy. Photometric data helps to identify the morphologies and generate structure parameters for these galaxies. In table 1 we show a few relevant properties of these galaxies. Table 1 . Basic parameters of galaxies in our sample.
Rotation curve
(1) D: Distance to the galaxy (Mpc); (2) i : inclination angle; (3) B/T : bulge to total ratio from Pizzella et al. (2008); (4) φ 1 , φ 2 , φ 3 : Newtonian potential of the environment for Compton scales of 1, 2 and 3 Mpc which corresponds to f R0 ∼ 1 × 10 −7 , f R0 ∼ 4 × 10 −7 and f R0 ∼ 1 × 10 −6 respectively (Schmidt et al. 2009 ).
Screening Level of Galaxies
It is essential for our test to know the screening level of a galaxy given a set of model parameters. We check the screening level of a galaxy based on the procedure described in Cabre et al. (2012) . According to Cabre et al. (2012) , a galaxy can be self-screened or screened by the Newtonian potentials of its neighbours. Based on the data described in Cabre et al. (2012), we estimate the Newtonian potential due to environment for all the six galaxies in our sample. It is found that, with the exception of galaxy ESO 2340130, all other galaxies inhabit regions where the Newtonian potentials is low enough that they are not environmentally screened. Therefore, it is possible to test chameleon theories if their self-Newtonian potential is less than the given value of χc. In table 1 we show the values of the Newtonian potential due to environment for different fR0 values. We derive the self-Newtonian potential of the galaxies using their stellar rotation curve. We are interested in probing χc < 10 −6 . At these low values, main-sequence stars are screened and hence have zero scalar charge. Therefore, they move according to general relativity and their rotation velocity traces the true mass of the galaxy 3 . Also, we assume that the galactic density profile is described by either an NFW or core-singular isothermal sphere (cSIS) model (de Blok 2010):
gible, and we have checked that the results are robust to changing the upper limits to a few times R200.
It should be noted that the dominant dark matter component of the galaxy could be unscreened so that it may deviate from the standard NFW or cSIS profiles (Lombriser et al. 2012 ). We do not consider this effect in this study. We fit the stellar rotation curve to derive the scale radii and central densities of for each profile. These fitted parameters are then used to estimate the Newtonian potential of the galaxies. Based on the uncertainties in the fitted parameters, we found that cSIS gives a better fit to all of the rotation curves except for ESO 5340200. In table 2 we show the fitted parameters for the cSIS and NFW models. Based on the environmental and self-Newtonian potentials, we estimate the value of fR0 above which each galaxy becomes unscreened. This implies that each galaxy allows us to probe different values of fR0. These values are also shown in table 2.
Spectral Lines Used in the Analysis
It is important to be sure that we are probing both the screened and unscreened components. This is achieved by our choice of absorption and emission lines. The Mgb triplet lines are due to absorption in the atmospheres of G-and Ktype stars (Boselli 2012). These are low mass (0.6-1.2M ) main-sequence stars with temperatures between 4000 and 7000 K. These stars have Newtonian potentials ΦN ∼ O(10 −6 ) and are hence self-screened when χc < ∼ 10 −6 . We can therefore use the rotation curve measured using these lines as a tracer of the screened component of the galaxy. The three absorption lines used by Pizzella et al. (2008) have wavelengths 5164, 5173 and 5184Å. It should be noted that giant stars can also contribute to the Mgb absorption lines but this is small enough to ignore in this study (Conroy 2013) . On the other hand, [OIII] emission lines result from forbidden transitions from doubly ionized oxygen in a metastable state. This line only exists at extremely low densities. At higher densities, inelastic collisions relax the system to a stable state without the emission of photon. These lines therefore probe the unscreened gaseous component of the galaxies.
Before going further, it is instructive to pause and comment on the range of χc that can be probed with our rotation curve analysis. As remarked above, the main-sequence stars used to calculate the stellar rotation curve have Newtonian potentials of order 10 −6 and are hence unscreened when χc > ∼ 5 × 10 −6 . When this is the case, the stars probed by the Mgb absorption lines rotate at the same speed as the gaseous component and there is no offset between the two components. Therefore, the offset of the two rotation curves probes only a narrow range in χc. The lower limit is set by the Newtonian potential of the galaxy and/or the environment (typically O(10 −8 )-O(10 −7 ) for the galaxies in our sample) and the upper limit is set by the value of χc above which G-and K-type stars unscreened 4 .
SYSTEMATIC CORRECTIONS TO THE ROTATION CURVES
It is important to understand different systematic uncertainties associated with rotation curves based on stellar absorption lines and gaseous emission lines. In this section we describe the two major systematics in the rotation curve estimates which could possibly mimic a modified gravity signal. Gaseous rotation curves are known to be affected by non-circular motions. This could be due to the presence of star forming regions and other morphological components such as bars and spiral structures (Oh et al. 2008) . Based on a sample of 19 galaxies, Trachternach et al. (2008) have shown that the non-circular velocity is ≈ 7 km/s for galaxies with similar magnitudes and rotational velocities to those in our sample. This systematic component in the gaseous rotation curve can potentially mimic a modified gravity signal as it makes the gaseous rotation appear faster than it truly is. In our analysis we subtract the average velocity found by Trachternach et al. (2008) from all the gaseous rotation curves as follows:
where V gas,obs , Vgas,cor, Vsys are the observed, corrected rotation velocities and the non-circular velocity respectively. In addition to the above systematic, asymmetric drift could potentially make the stellar rotation appear slower 4 In practice, most stars will be unscreened when χc > ∼ 5 × 10 −6 . Main-sequence stars obey a well-known mass-radius relation R ∝ M ν , where ν lies in the range 0.2-0.8 depending on the stellar mass. Stars bluer than those probed by the Mgb triplet are more massive and hence have smaller Newtonian potentials. Redder stars have ν ≈ 0.2 appropriate for the PPI chain and so the Newtonian potential is a very weak function of mass for these stars.
than the true underlying circular velocity, which could introduce pseudo signal into the data. We attempt to correct the observed rotation velocity based on the observed velocity dispersion and Jeans equations using the following assumptions: According to Binney & Tremaine (1987) ; Hinz et al. (2001) if:
(i) the stellar component follows an exponential density profile,
(ii) σ 2 φ /σ 2 R ≈ 0.5, where σ φ and σR are the velocity dispersions along the azimuthal and radial directions (in cylindrical coordinates) respectively, (iii) vzvR ≈ 0, i.e. the product of the velocities along radial and perpendicular (z direction) to the disk is small and (iv) ∂ ln σ 2 R /∂ ln R ≈ 0, i.e the gradient of radial velocity dispersion is small then the corrected circular velocity can be written as
where Rexp is the scale radius of the exponential disk. Pizzella et al. (2008) shows that the galaxies in our sample can be modelled with one or two exponential profiles but three of these galaxies are dominated by the inner exponential bulge component. This is evident from the bulge-to-total light estimated by Pizzella et al. (2008) (see table 1 ). We exclude the central bulge dominated region of the galaxies from the analysis to reduce any non-circular contamination from bulge. It should be noted that in equation (6) we use the average value of the measured velocity dispersion outside the bulge to estimate the correction. In the latter part of the paper we will see that asymmetric drift correction leads to larger values for stellar rotation curves. This implies that without the asymmetric drift correction, the stellar rotation curve appears systematically lower and can be misidentified as modified gravity signal when compared with the gaseous rotation curve.
ANALYSIS OF THE ROTATION CURVES
Once the systematics are accounted for, any difference between the stellar and gaseous rotation velocities is a probe of modified gravity. The stellar and gaseous curves are measured at slightly different radii from the centre of the galaxy. Therefore, in order to estimate the difference between them we need to interpolate one or the other to a common radius. Since the gaseous rotation curve is measured at many more finely spaced points than the stellar rotation curve, it is better to interpolate the gaseous rotation curves and leave the stellar curves as measured. Finally, the average values of the gaseous and stellar rotational velocities of both sides of the galaxy is found. It is also possible to take the averages of the rotation curves without interpolation, however this average depends on the locations of the measured points. This means that if there are many measured points in the inner regions, the average can be biased towards a lower rotational velocity.
The gaseous rotation curve can be measured out to larger radii than the stellar curve. Therefore, in order to make a fair comparison with the stellar rotation curve, we need to truncate the gaseous rotation curve at radii larger than the maximum radius where the stellar curve is measured. This ensures that we are comparing the rotation velocities in the same region of the galaxy. In addition to this upper limit on the rotation curve radius, we also need to set a lower limit, which helps to avoid the bulge dominated central region of the galaxy. This means that we consider only those velocity points measured at radii larger than the bulge scale radius Re. We check whether the final results depend on this choice of radius by repeating the analysis with a range of different lower limits, ranging from 0.5Re to 1.75Re. In all cases we find that the final result does not depend on the choice of lower limit, except for the galaxy ESO 1860550. ESO 1860550 shows an increase in the difference between the gaseous and stellar rotation curves between 0.5 and 1.5 times the bulge scale radius. The difference in velocity curves increases from −25 ± 7 km/s at 0.5Re to −60 ± 9 km/s at 1.75Re. This galaxy is bulge dominated (B/T= 0.68, see table 1) with a concentrated bulge component (Sersic index n > 2) compared with the rest of the galaxies, and therefore this increase may be associated with the large velocity dispersion in the bulge. Later it can be seen that ignoring larger number of observations from the inner part of the rotation curve only strengthen our results.
We give the inverse variance weighted average values of the stellar and gaseous rotation curves in table 4; we assume that the measured points are uncorrelated. Next to the average value we show the statistical error. In addition to the statistical error, there could be some intrinsic scatter associated with the average rotation velocity. This is due to the fact that the observed rotation curve is not very smooth. This scatter could be introduced by different components such as star forming regions, dust, and other morphological components of the galaxies. We estimate the intrinsic scatter from the residual rotation curve by subtracting the best fit model from the observed rotation curve. This is done separately for both the stellar and gaseous rotation curves. We quantify the intrinsic errors as follows:
where σv is the scatter in the residual rotation velocity curve and N is the number of measured velocity data points. The intrinsic scatter is shown in table 4 after the statistical error. It can be seen that the intrinsic error dominates over the statistical error for most of the galaxies. One of the most important sources of error in all astrophysical tests of gravity is the uncertainty due to nongravitational astrophysical processes. This means that the difference between the measured stellar and gaseous rotation velocities could be due to astrophysical scatter instead of modified gravity effects. Earlier papers in the series estimated this uncertainty from a sample of screened galaxies and subtracted it statistically from the unscreened sample. We apply the same technique in this paper. The number of objects in the current sample is very small and therefore it is not possible to estimate the astrophysical scatter from a screened sample. We therefore take the scatter in the measured velocity difference of all six galaxies as the astrophysical scatter (σap). In this process we assume that the scatter measured from all galaxies is closer to the underline true value (i.e. the one measured from screened galaxies only) and that the true scatter can be measured from six Table 3 . The measured stellar and gaseous velocities. These values are not corrected for asymmetric drift and non-circular motions.
galaxies. It is possible that the σap could be overestimated by this process and therefore our conclusions may be conservative. Finally, similar to the earlier papers we assume that σap scales with the mass of the galaxy. σ i ap of i th galaxy is estimated as
where vi is the average of the stellar and gaseous velocities of the i th galaxy, δv is the uncorrected velocity difference between the gas and stars; the sum runs over all six galaxies. We show σap in table 4 as the third source of error.
RESULTS & DISCUSSION
In tables 3 and 4 we show the gaseous and stellar rotation velocities before and after systematic corrections along with statistical error, intrinsic and astrophysical scatters in the measurements. Table 4 shows the observed difference between the stellar and gaseous velocities and the f (R) prediction. The f (R) prediction is valid for the range of fR0 which makes the galaxies unscreened; this is given in Table  2 . Therefore, G eff = 4/3G is used for all galaxies to get the prediction. Tables 3 and 4 show that the trend found in the observed velocity differences are qualitatively similar for all of the galaxies both before and after the systematic correction. We therefore use the systematic corrected values from here on. The final column in these tables shows the statistical significance (σ) with which we can reject the predicted difference between the gaseous and stellar rotation curves based on the observed value and is defined as
i.e. σ = 0 implies that the predicted and measured values agree perfectly and negative (positive) σ imply that stars rotate faster (slower) than the gaseous components. f (R) theories, and, indeed, more general chameleon-like theories predict that ∆G/G > 0 for the gaseous component and so cannot explain any observations of stars rotating faster than the gas. Additionally, f (R) theory cannot explain a faster gaseous rotation than the predicted values given in table 4 5 . Below, we comment on individual galaxies. The list is ordered in such a way that the first galaxy probes the smallest value of fR0 and last probes the largest. Also, we use the rejection sigma estimated after including astrophysical scatter for the following discussion. Here, we concentrate on Figure 1 . The rotation curves of the six galaxies in our sample. The black and red points show the stellar and gaseous rotation curves respectively. The green shaded region shows the f (R) prediction for the rotation velocity of the gaseous component assuming that the galaxy is fully unscreened. The value of f R0 which makes each galaxy fully unscreened is given in top right side of each panel. We ignore the possible radial dependence of fifth force while estimating the prediction. The vertical green lines show the bulge scale radius, below which we ignore the rotation measurements from the analysis and for fitting the density profile. In all but the lower right panel, the black and red curves show the fitted cSIS profiles for the stellar and gaseous rotation curves respectively. The lower right panel shows the fitted NFW profile. It can be seen that the fitted values for the gaseous and stellar rotation curves differ slightly due to the fact that there are only a few points for the stellar curves, all of which are at very small distances from the galactic centre. vmax is the the maximum measured rotation velocities for the stellar and gaseous components respectively. We also show the fitted values of r 0 and ρ 0 for the relevant profiles (cSIS for the first five panels and NFW for the lower right) for the stellar and gaseous rotation curves respectively. Details of the analysis can be found in the text. Table 4 . The stellar and gaseous rotation velocities for each galaxy in our sample after correcting for systematics. vgas and vstar are the rotation velocities of the gaseous and stellar components in the range outside the bulge component of the galaxy respectively. δv = vgas − vstar and δ predicted v is the f (R) prediction for this difference. All the velocities are in units of km/s. The first part of the error is statistical and the second part is the intrinsic scatter in the rotation curve. The third error in δv shows the astrophysical scatter and the value in the bracket shows the effective error including all three sources. The rejection σ is the confidence with which we can reject predictions from f (R) gravity. The first part of this column shows the significance after including all sources of error in the analysis and the value in brackets shows the significance without including the astrophysical scatter. A negative (positive) rejection σ implies that stars rotate faster (slower) than the gas.
f (R) theories in order to focus on a concrete model and extend the analysis to more general models below.
(i) ESO 4880490: Both GR and f (R) theories agree with the measured values within 1σ. However, this galaxy is self screened for fR0 < 2.34 × 10 −7 and conclusions about f (R) theories are applicable only for theories with fR0 larger than this. The intrinsic scatter in the rotation curve, which is common to dwarf galaxies, and astrophysical scatter are the major limiting factors which prevents us from drawing a stronger conclusion. This galaxy posses a small exponential bulge 6 . (ii) ESO 2060140: f (R) gravity agrees with the measurements more than GR. From table 2 it can be seen that this galaxy becomes self screened for fR0 < 7.39×10 −7 . This galaxy is a pure disk system with B/T = 0.04, which makes the galaxy a good candidate for testing modified gravity.
(iii) ESO 2340130: This galaxy rejects f (R) theories with with ∼ 2σ and agrees with GR. This galaxy is screened by environment for fR0 < 1.3 × 10 −6 . (iv) ESO 4000370: This galaxy agrees with the f (R) prediction (within ∼ 1σ) better than the GR prediction (which is > 2σ away). This galaxy is self screened for fR0 < 2.77 × 10 −6 and therefore, the rejection is applicable only to models with fR0 larger than this.
(v) ESO 1860550: This galaxy rejects f (R) with more than 3σ confidence. This galaxy is self screened for fR0 < 1.49 × 10 −6 . As described in Section 5 removing more measured points from the inner part of rotation curves strengthen the significance of rejection.
(vi) ESO 5340200: This galaxy agrees with the predictions of f (R) and GR within 1σ but may not be able to constrain theories with fR0 < 1 × 10 −6 due to self-screening.
It is important to note that the different screening levels of each galaxy mandate that we consider each separately when calculating the confidence with which we can reject modified gravity. This is not the case with GR since the equivalence principle is obeyed. In this case, one should take the average over all six galaxies and so the rejection σ for GR stated above should be taken equivocally; they are for comparison purposes only. Averaging over all six galaxies, we find δv/v = 0.07 ± 0.13 and so the data is perfectly consistent with GR. A larger sample of unscreened galaxies would allow us to perform a similar analysis for modified gravity; such a comparison is meaningless for our current sample. It is also interesting to note that the galaxies ESO 2060140 and ESO 4000370 have similar rotation velocities and show a similar trend in the stellar and gaseous rotation curves.
Having elucidated the galaxies varying degrees of usefulness for probing modified gravity, we extend the analysis to general chameleon models to constrain the parameters χc and α. We consider α values between 0.05 and 1. Within this range, the Compton wavelength does not vary more than a 6 Exponential bulges are different from classical bulges. The latter, found in elliptical galaxies, follow de Vaucouleurs' light profile and are supported by random velocity. On the other hand, exponential bulges are commonly found in disk galaxies. They follow exponential light profiles and are supported mostly by rotation. Figure 2 . Green contours show the limits obtained on the two parameters (χc & α) of chameleon theories. We show contours of 0.5σ, 1σ, 2σ, 3σ where σ represents the confidence with which the corresponding parameter values can be rejected. We also show the 1σ and 2σ contours from . It can be seen that the previous study give better constraints for α > 0.1. This work is able to give upper limits on f R0 value for α < 0.1.
factor of a few compared with the value at α = 1/3 7 . Figure  2 shows the combined constraints obtained for α and χc values using all the six galaxies. We show contours of 0.5σ, 1σ, 2σ, 3σ where σ represents the confidence with which we can reject the corresponding parameter range. We also show the previous constraints obtained by . It can be seen that the constraints obtained from Cepheid observations are stronger compared to this analysis, especially for α > 0.1. For values of α < 0.1 we find that rotation curves give a better upper bound on χc.
SUMMARY
Chameleon theories of gravity predict large differences between the stellar and gaseous rotation curves of isolated dwarf galaxies. Since stars are screened, they are expected to move according to GR whilst the unscreened gaseous component is predicted to rotate with a larger velocity. In this paper, we have used this effect to constrain the model parameters using observations of the rotation curves of six low mass galaxies.
The main results are summarised in figure 2, where we show the upper limits on the parameters, χc and α. For f (R) theory, i.e. when α = 1/3, we found that fR0 > 1.5 × 10 −6
can be ruled out with more than 3σ confidence. For a general chameleon theory χc > 10 −6 can be ruled out with 95% confidence down to α ≈ 0.05. This is a new and strong result, and it arises because the measured difference in velocity has the opposite sign from the chameleon predictions for some of the galaxies. This region of parameter space was previously unexplored due to the small signals predicted when α 1. Other studies have constrained chameleon theories as well and here we discuss how our new constraints compare with previous bounds obtained using astrophysical tests 8 . Vikram et al. (2013) attempt to constrain f (R) gravity based on several morphological and kinematical signatures using dwarf galaxies. Some of those tests indicate that fR0 < 4×10 −7 but they show that better data is required to get significant constraints on the model parameters. Studies based on distance indicators ) were able to rule out fR0 > 4 × 10 −7 with more than 95% confidence. Our constraints at low α are an improvement over these constraints but at larger values the Cepheid bounds are stronger. It is worth noting that the novel features that arise in Cepheids, which are partially screened, are due to the increase in the strength of gravity and so they are not sensitive to small values of α. The test described here works when the galaxy is fully unscreened which is why we are able to probe into the regime α < ∼ 0.2. Given that these are the early stages of testing modified gravity, it is valuable to use many different probes that rely on different physical systems, such as pulsating stars and disk galaxies.
As shown in table 4, the astrophysical scatter in the rotation curve is one of the major limiting factors in this study. Such statistical uncertainties can be reduced by combining observations of several galaxies. For example, it can be seen that galaxies such as ESO 4880490 probe fR0 down to 2 × 10 −7 but there is a large statistical uncertainty associated with the measurement. Based on the measured uncertainty, it can be seen that ≈ 25 similar low mass galaxies are enough to rule out fR0 = 2 × 10 −7 with more than 4σ confidence. Future targeted observations of high signal-tonoise stellar rotation curves of isolated dwarf systems in the local Universe may serve that purpose.
One of the major assumptions in the above forecast is that the observed rotation velocity curves are free from systematics. Therefore, proper corrections for systematics such as asymmetric drift and non-rotational velocities are needed. Finally, it should be noted that several independent constraints on f (R) parameters exist in the literature based on cosmological and lab experiments (Lombriser et al. 2012; ). In this paper we limit our discussion only to astrophysical tests, which are emerging as a novel way of testing gravity.
